This is a revised version of the hessd-11-8697-2014 paper. In making the new version of the 2 paper, we have carefully addressed all the comments and suggestions provided by two 3 Referees (i.e. L. Holko and G. Thirel). In response to the major concern on the transferability 4 in time of the estimated degree-day factor for snowmelt (DDFS) by G. Thirel, we have added 5 a new section, i.e. Section 4.2 in this revised manuscript, in which we have re-estimated the 6 value of degree-day factor in the validation period (year 2006 to 2010) and compared it with 7 the value estimated in the calibration period (year 2001 to 2005). The comparison indicated 8 that the two estimated sets of DDFS are consistent in the two sub-periods. There is no 9 significant systematic bias for the estimated DDFS. We have also tested the estimated DDFS 10 value by applying the DDFS value estimated in one sub-period for the simulation of basin 11 discharge and snow cover in the other sub-period. For example, we used the DDFS set 12 estimated by snow data in the calibration period for the model simulation in the validation 13 period, which have already been done in the original manuscript. In response to the minor 14 comments by the two Referees, we have also corrected some words or concepts in this new 15 manuscript. In particular: 16 1) We have added a brief introduction of the study area in the abstract section. 17
2 factor for snowmelt (DDFS) and snow density (SD) in two sub-periods" in this 26 manuscript. Subsequently, Figures 4 to11 in the reply documents should refer to 27 Figures 5 to 12 in this new manuscript. 28 6) We have replaced the concept of "snow cover areas" in the last paragraph in Section 29 4.4 with the concept of "sub-catchments are covered with snow" according to the 30 comment by G. Thirel. We used the sub-catchments are covered with snow to present 31 the purple surfaces in Figures. 11 and 12 . 8) The concept of "validation of estimated DDFs" has been replaced with the concept of 34 "evaluation of estimated DDFs" in response to the comments by L. Holko. 35 9) We have added some discussions about the influence of the modeling scale, i.e. size 36 8 degree-day factor, the relationship between DDFS and these characteristics is still not very 173 well understood. 174 The objective of this study is to propose a new method for estimating spatial patterns of 175 DDFS from MODIS data in mountain catchments. In comparison to traditional methods, the 176 DDFS is not calibrated to observed runoff and snow water equivalent data, but directly 177 estimated from MODIS snow covered area and snow depth data alone. Snow depths can be 178 more widely measured in the field than snow water equivalent. proposed method differs from existing estimation methods of DDFS in a number of ways: 183 First, snow water equivalent is estimated from MODIS snow cover, snow depths and 184 precipitation data, so there is no need for snow water equivalent measurements which are 185 difficult to obtain in most mountain watersheds. Second, DDFS is estimated on a 186 subcatchment scale rather than on a point scale as in most traditional estimation methods. 187 Third, the study extends the idea of partitioning hydrological time series to explore hidden 188 hydrological information of He et al. (2014) to the case of snow data. The methodology is 189 tested in a mountain basin in Austria. 190 The remainder of this paper is organized in the following way: Section 2 details the 191 estimation method of spatial snow density and the snowmelt degree-day factor, as well as the 192 stepwise calibration method for the model parameters. Section 3 contains a description of the 193 geographic and hydrological characteristics of the study basin, including the main data 194 sources and data preprocessing. Section 4 presents the main simulation results and 195 comparisons between the hydrologic model performance using DDFS estimated from snow 196 data and DDFS calibrated on runoff. Finally, section 5 provides a summary of the study, and 197 discusses possible sources of uncertainty in the results and further applications of the new 198 estimation methods of degree-day factors. 199
Methodology 200
The main idea of estimating the degree-day factor is as follows. The volume of snow for 201 each subcatchment and each day is estimated using MODIS SCA data and ground-based snow 202 depth time series. The snow volume time series are partitioned in time into three groups, 203 based on the daily air temperatures: days with snow accumulation (when temperatures are 204 below a threshold), days with ablation (when temperatures are above a different threshold) 205 and days where both processes occur (when temperatures are between the thresholds). Snow 206 density is estimated from the days with snow accumulation as the ratio between measured 207 precipitation and changes in snow volume. The degree-day factor is estimated from the days 208 with ablation as the ratio between measured changes in snow water equivalent (product of 209 snow volume and density) and the difference between daily temperature and the threshold 210
value. 211
For comparison, DDFS is calibrated on runoff using a semi-distributed hydrological 212 model--THREW which has been applied in several studies (Tian et al., 2006 (Tian et al., ,2008 (Tian et al., ,2012 
Estimation of degree-day factor from snow data 220
The observed snow data used to estimate the degree-day factor, DDFS, are snow covered 221 area (SCA) products and ground-based snow depths. Firstly, we obtain the volume per area of 222 snow in each subcatchment and for each day by Vs=SCA·Ds, where Ds is the average snow 223 depth. Since the average snow depths tend to overestimate the snow covered area, therefore 224 the multiplication with SCA is needed to compensate for the biases. In a next step, the change 225 of snow water equivalent (SWE) between two days, 
where, ρs is the snow density, P is daily precipitation, PS is daily snowfall, M is daily 229 snowmelt depth, TS is the temperature threshold below which all precipitation is in the form of 230 snowfall, TR is the temperature threshold above which all precipitation is liquid, and Tm is the 231 temperature threshold controlling the occurrence of melt. Tm usually falls between TS and TR. 232 Rainfall and snowfall in the temperature window between TS and TR are simply estimated as 233 half of the total precipitation. The value of the three temperature thresholds are set as Tm =TS = 234 0.0℃ and TR =2.5℃ in this study following Parajka et al. (2007) . The Vs time series are 235 partitioned into three segments, i.e. accumulative segment, a combination segment and an 236 ablative segment according to Eq. 1a-c. 237 The snow density (ρs) is calculated from the days with accumulation based on the 238 observed Vs and P according to Eq. 1a. As the snow cover volume can still change after 239 snowfall events due to gravity and condensation, snowfall events that produce a stable snow 240 cover volume are selected for the estimation of snow density. Therefore, snowfall events in 241 the accumulative segment that ended by at least three no-snowfall days, and where the 242 relative difference of the Vs value between the last three no-snowfall days is lower than 10%, 243 are selected for the calculation of snow density. In these events, the cumulative snowfall (ΔPs) 244 is the sum of the daily precipitation values, and the change of snow cover volume ( Xin'anjiang module, which adopts a water storage capacity curve to describe the non-uniform 265 distribution of water storage capacity in a subcatchment (Zhao, 1992) . The storage capacity 266 curve is determined by two parameters (spatial averaged storage capacity WM and shape 267 coefficient B). Rainfall runoff is generated on areas where the storage capacity is reached. 268 The remainder of the rainfall infiltrates into the soil and becomes an additional contribution to 269 subsurface baseflow which is calculated by two outflow coefficients (KKA and KKD). Snow 270 and glacier melt are simulated by a degree-day model with different degree-day factors 271 (DDFS and DDFG, respectively). Precipitation in the snow covered areas is divided into 272 rainfall and snowfall according to two threshold temperature values (0℃ and 2.5℃ are 273 adopted in this study). Between the two thresholds, mixed snow and rain is assumed to occur. 274 Snow water equivalent in each subcatchment is updated daily with snowfall and snowmelt, 275 while the glacier area is assumed to be stable during the study period. The model parameters 276 are grouped according to the runoff generation mechanisms, i.e., a subsurface baseflow group 277 (KKA and KKD), a snowmelt group (DDFS), a glacier melt group (DDFG) and a group where 278 rainfall directly becomes runoff (WM and B) (see He et al. (2014) ). Each parameter group is 279 calibrated separately in a stepwise way by manual calibration. The stepwise calibration is 280 similar to that proposed by He et al. (2014) . In a first step, the hydrograph is partitioned 281 according to three indices, Si, Gi, Di, which are defined as 0 or 1 (Eq. (2)-(4)) according to the 282 water source for runoff generation on each day (subsurface baseflow, snowmelt, glacier melt 283 and rainfall). Next, each parameter group is related to an individual hydrograph partition and 284 calibrated on the corresponding partition separately. 
where, QSB stands for the subsurface baseflow. It dominates the basin hydrograph when both 296 melt water and rainfall runoff do not occur (Si+Gi+Di=0). QSM represents snowmelt, QGM 297 represents glacier melt water and QR represents the direct rainfall runoff. The partition is 298 based on the assumption that the convergence time of drainage in the basin is no longer than 299 one day. 300
The parameter groups are calibrated on different partitions in a stepwise way: The 301 parameter group controlling subsurface baseflow is first calibrated on the QSB partition. Then, 302 the degree-day factors for snowmelt and glacier melt are calibrated on the QSB+QSM and 303 QSB+QSM +QGM partitions separately. Parameters for rainfall runoff are calibrated on the 304 QSB+QSM +QGM +QR partition in a last step. We use logRMSE as the goodness of fit measure 305 for the calibration of subsurface baseflow and RMSE for the calibration of degree-day factors 306 and rainfall runoff parameters. Finally, we combine the simulations of each partition to obtain13 the entire daily simulation of basin discharge and evaluate it using NSE, logNSE, VE and a 308 combined performance measure ME (Eq. (6)-(9)). 
Evaluation of estimated DDFS from snow data 311
The estimated values of DDFS are evaluated in the study period by applying their value 312 in the THREW hydrological model and comparing the new simulations of runoff and snow 313 cover patterns with those obtained by DDFS calibrated on runoff. The evaluation is carried out 314 in three basins with different catchment area, elevation and glacier melt contributions to the 315 total runoff. The ME values of daily discharge simulation and RMSE values of the simulation 316 of the snowmelt dominated hydrograph partition (QSB+QSM) in the three basins are used to 317 evaluate the performance of the runoff simulation. The fit between simulated and observed 318 SCA series and spatial snow cover patterns by MODIS is used to assess the simulations of 319 snow cover. 320
Data 321

Study area 322
The methodology is evaluated in the Lienz catchment which is located in East Tyrol, 323 Austria, and covers an area of 1198 km 2 . Its elevations range from 670 m a.s.l. to 3775 m 324 a.s.l., and approximately 7% of the region is covered by glacier (Fig. 1) . Its annual mean 325
temperature is approximately 1.7 ℃, and annual mean precipitation is about 1164 mm. 326 Snowmelt water is an important water source for local runoff generation, especially in the 327 14 The topographic feature of the basin is depicted by a 25 m resolution Digital Elevation Model 329 which is used to divide the study basins into subcatchment units. The three basins (Lienz, 330 Waier and Innergschloess, see Fig. 1 ) in the study area are further divided into 95 331 subcatchments, 29 subcatchments and 9 subcatchments respectively for the hydrological 332 modeling. The runoff concentration time can be considered as approximately one day in this 333 catchment (Blöschl et al., 1990) . 334
Snow data 335
The MODIS snow covered area (SCA) data used in this study is the daily product, i.e. Snow depth data observed at 1091 stations in Austria (7 stations in the study area) are 345 spatially interpolated by external drift kriging based on elevation. The resulting data product 346 has a spatial resolution of 1 km. Snow depth in each subcatchment is the average value of all 347 the 1×1km pixels inside. 348
Hydrologic model inputs 349
The daily precipitation data are spatially interpolated by external drift kriging from 1091 350 stations in Austria (7 stations in the study area). The temperature data are interpolated by the 351 least-squares trend prediction method from 221 stations in Austria (6 stations in the study 352 area). Both methods using elevation as an auxiliary variable (see Parajka et al. (2005) spatial distribution of the snow density and DDFS estimated in the calibration period. Figure 2  363 indicates that subcatchments in upstream have higher snow density and DDFS values than that 364 in downstream. Fig. 2 ). Generally, both the 373 snow density and DDFS values increase with increasing elevation (see Fig. 3 ), as would be 374 expected. The value of snow density can be affected by the duration of the snow cover. In 375 high elevation subcatchments, temperatures tend to be lower which leads to more snowfall 376 and more opportunity for compaction and settling which, in turn, tends to result in higher 377 snow densities (Rango and Martinec, 1995) . The spatial pattern of DDFS can be attributed to 378 the interaction of climate and basin topography as well as vegetation: At higher elevations, 379 soils tend to be thin and air temperatures tend to be low, which are unfavorable conditions for 380 the growth of vegetation. Therefore, the share of latent heat of transpiration in the energy 381 balance is lower. Lower temperatures at higher elevation also reduce the share of sensible 382 heat (Musselman et al., 2012) . Coupling with a stronger solar radiation due to lower 383 cloudiness, stronger snowmelt is produced at higher elevations relative to the difference 384 between daily temperature (T) and the threshold value (Tm). Higher elevations are also 385 associated with steep terrain which reinforces the melt rate by increasing the solar incident 386 angle on the south facing slopes (Blöschl et al., 1991a,b; Blöschl and Kirnbauer,1992) . Atproduce a higher share of latent heat by transpiration and restrain the snowmelt. On the other 389 hand, higher vegetation canopies may contribute to higher soil water contents which may 390 increase the albedo of the land surface and may reduce the energy available for snowmelt 391 (Kuusisto, 1980) . The moist soil can also enhance the temperature gradient and create sharp 392 gradients in sensible heat fluxes (Entekhabi et al., 1996) and allow fast redistribution of soil 393 moisture at small scales (Western et al., 1998) 
Transferability in time of the estimated DDFS 399
The data set used in this study has been divided into two sub-periods: calibration period Although the difference of the climate and snow cover conditions in the two periods is small, 406 it can still play a role in the snowmelt processes. Therefore, we re-estimated the value of 407 snow density and DDFS using the climate data and MODIS snow data in the validation period 408 and compared the new estimated DDFS set with that estimated using data in the calibration 409 period in Fig. 4 . The comparison shows that the two estimated sets of DDFS and snow density 410 (SD) are slight different due to the different climate and snow cover conditions in the two 411 sub-periods. However, the correlation coefficients between the two estimated DDFS sets and 412 that between the two SD sets are both high, i.e. 0.802 for the DDFS and 0.720 for the SD (see 413 Fig. 4) , which indicates that both the two estimated DDFS sets and two SD sets are consistent 414 in the two sub-periods. There is no significant systematic bias for the estimated DDFS and SD. 415 This suggests the transferability in time of the estimated DDFS in the whole study period. 
Stepwise calibration 421
Model parameters in the three basins are calibrated on the corresponding hydrograph 422 partitions separately (see He et al. (2014) ). After the calibration, we combined the simulations 423 of the four partitions and obtained the entire simulation of daily discharge. As an example, the 424 simulation in each step in the largest basin, the Lienz basin, is shown in Fig. 5, using Table 1 . 433 The calibrated DDFS and DDFG are slight different in the three basins. DDFS ranges 
Evaluation of estimated DDFS 447
To evaluate the estimated DDFS, we replaced the calibrated DDFS in the model with the 448 ones estimated from snow data, and reran the hydrological simulation. As the DDFS value has the most sensitive effect on the snowmelt dominated hydrograph 464 partition (QSB+QSM), we focus on the simulation of this partition by the two DDFS sets in Fig.  465 8. The simulation performance is evaluated using RMSE. The first two rows in Fig. 8 show 466 the simulations using calibrated (Fig. 8a-c) and estimated ( Fig. 8d-f ) DDFS in the calibration 467 period, and the last two rows present the simulations in the validation period (Fig. 8g-i by the estimated DDFS is 0.118 m³ /s lower than that obtained by the calibrated DDFS.performance in the calibration period but a better performance of estimated DDFS in the 479 validation period. Overall, the comparisons for the three basins shown in Table 1 and Fig. 8  480 suggest that the DDFS values estimated from snow data by the new method tend to produce a 481 somewhat better runoff simulation performance. 482 We also assess the suitability of the estimated DDFS values by examining the snow cover 483 simulations in the study basins. The match between simulated snow cover and observed snow 484 cover from MODIS is illustrated in Fig. 9 to Fig.12 . The THREW model simulates snow 485 water equivalent (SWE) in each subcatchment. To obtain the snow covered area (SCA) in the 486 basin, we define a threshold value for the simulated SWE (SWET), above which the sub unit 487 of the basin (i.e. subcatchment) is considered to be fully covered by snow, and below it the 488 subcatchment is considered snow free. Subsequently, we obtain the simulated time series of 489 SCA of the study basin. For example, Fig. 9 shows the comparison of simulated SCA using 490 DDFS calibrated on runoff and DDFS estimated from snow data, and the observed SCA from 491 MODIS in both calibration and validation periods in the Lienz basin. values on days when the observed cloud coverage in the basin was lower than 20%. The 494 similarity of the simulated SCA and observed SCA (just for the days when MODIS was 495 available) is evaluated using RMSE, where RMSEc relates to the simulations using calibrated 496 DDFS and RMSEe relates to the simulations using estimated DDFS. We determine the SWET 497 threshold by optimizing the RMSEc values in the calibration period in the Lienz basin which 498 resulted in a value of 18 mm. Parajka and Blöschl (2008a) give details on how the threshold 499 can be chosen. 500
Generally, the simulated snow covered areas by the two DDFS sets are similar and both 501 are close to those observed by MODIS in the Lienz basin. The similarity can be attributed to 502 the similar value of estimated and calibrated DDFS in this basin. It is interesting that the 503 simulation of SCA by estimated DDFS (green lines) still has a higher performance as 504 indicated by the lower RMSEe values in both calibration and validation periods. As to the 505 simulation in Innergschloess shown in Fig. 10 , the simulated SCA using estimated DDFS 506 (green lines) matches the MODIS observed SCA significantly better than that simulated by20 approximately 0.07 lower than the RMSEc values (Fig. 10) . This result suggests that the 509 DDFS values estimated from snow data in this basin represent the snowmelt pattern better 510 than the value calibrated on runoff. 511 Several days with available MODIS data (black dots in Fig. 9 ) were selected to analyze 512 the snow patterns in Figs. 11-12 simulated SWE value is zero, i.e. non-snow covered areas. Generally, a higher simulated 521 SWE value corresponds to a higher MODIS SCA value in that subcatchment. All the three 522 snow patterns show a clear snow ablation process from late April to late May. In April, most 523 of the basin area is covered by snow, and the snow water equivalent can be as high as 524 600-700mm, while snow cover almost disappears in late May 2003. May is a snowmelt flood 525 month which is also indicated in Fig. 6 by the abrupt increase of discharge in this month. 526 However, there are some differences between the three snow patterns. In the upstream 527 subcatchments the simulated snow water equivalent using calibrated DDFS is higher than that 528 using estimated DDFS. Correspondingly, the simulated sub-catchments are covered with snow 529 using calibrated DDFS are more than those observed from MODIS (see were one of the inputs to estimating DDFS, so this result shows the consistency and usefulness 537 of the estimates. 538
Discussion and conclusions 539
This study proposes a method for estimating snowmelt degree-day factor (DDFS) based 540 on MODIS snow cover data and snow depth data. DDFS is estimated in each subcatchment of 541 the study basin separately. The spatial distribution of DDFS shows a strong correlation with 542 elevation. Subcatchments with high elevations are associated with higher DDFS values, which 543 can be partly attributed to the interactions of climate conditions, topography and vegetation. 544 The comparisons between simulations using DDFS estimated from snow data and DDFS 545 calibrated on runoff in terms of discharge and snow cover patterns show that the estimated 546 DDFS are indeed more plausible than the calibrated DDFS. The better performance can be 547 attributed to two advantages of the estimation method: First, using spatially variable snow 548 cover data from MODIS and snow depth data, it is possible to estimate DDFS in a spatially 549 distributed fashion, while the calibrated DDFS are lumped values and therefore spatially 550 uniform. Second, the values of DDFS are estimated directly from observed snow cover data, 551 accounting for snow density, without involving runoff processes. The direct estimation should 552 have a stronger physical basis than the calibration in which the value of DDFS is influenced 553 by a number of hydrological processes and the interactions of hydrological model parameters 554 (Merz et al., 2011) . However, the modeling improvement when using the spatially distributed 555 cover patterns show an obvious snow ablation process from late April to late May in the study 567 basin, which was also indicated by Blöschl et al. (1990) . The performance of the runoff 568 simulations in this study is also very reasonable (NSE almost always >0.8). For example, the 569 runoff simulations of Parajka et al. (2007) and TR) and also the spatial interpolation method of the snow depth data. Usually, the value of 581 Tm falls in between the values of TS and TR in mountain basins. As long as the temperature is 582 higher than TR, the change of snow water equivalent (SWE) can be attributed to snowmelt 583 alone. When the temperature is lower than TS, basin snow water equivalent will be affected by 584 snowfall alone. The proposed estimation method can be used in mountain basins with variable 585 values of Tm, TS and TR in different basins. Reliable snow depth data are important for 586 estimating snow density and DDFS well. To obtain the spatial distribution of snow depth, 587 measured data in 7 stations in the study area were interpolated here. The interpolation method 588 can play a significant role. Importantly, in this paper we made the assumption that snow 589 density during days of accumulation is similar to the density during days of ablation. This is 590 an assumption that needs further analysis on the basis of detailed snow data. Also the analysis 591 of the sensitivity of the results to other uncertainty sources could be the topic of future work. 
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QSB stands for the simulated runoff generated by groundwater baseflow, QSM and QGM indicate 
